During the past few years, considerable progress has been made in determining the mechanisms that control the expression of S-phase genes, which encode enzymes that are important for DNA synthesis. Such genes are expressed at a high level when cells are undergoing DNA replication but at a much lower level in quiescent cells or during G 1 phase of the cell cycle (13) . Detailed analyses have been performed on several S-phase genes, including those that encode thymidine kinase, dihydrofolate reductase, proliferating cell nuclear antigen, and DNA polymerase ␣. Nuclear run-on assays and analyses of the expression of indicator genes driven by promoters of these genes have shown that the rate of transcription of many Sphase genes increases near the G 1 -S-phase boundary (e.g., 7, 32, [45] [46] [47] [48] . Members of the E2F family of transcription factors appear to play an important role in coordinating the transcription of many S-phase genes with entry into S phase (16, 35, 42) . In addition, many S-phase genes are also controlled by posttranscriptional mechanisms. Regulation has been observed at the level of RNA processing, mRNA stability, mRNA translation, and enzyme stability (e.g., 9, 12, 23, 31, 44) .
We have been analyzing the regulation of the gene that encodes thymidylate synthase (TS). TS is an essential enzyme that catalyzes the de novo biosynthesis of thymidylic acid. Studies with a variety of organisms have shown that the TS gene is expressed at a much higher level in proliferating cells than in nondividing cells (11, 39, 41) . We have shown that TS enzyme and mRNA levels increase 10-to 20-fold as serum-stimulated mouse fibroblasts progress from G 0 through S phase (28, 41) . However, nuclear run-on assays have shown that the rate of transcription of the mouse (3, 28) or human (4) TS gene does not change significantly following growth stimulation. Therefore, the production of mammalian TS mRNA appears to be controlled by posttranscriptional processes.
To better understand the biochemical mechanisms for controlling TS mRNA production, we have been studying the expression of chimeric TS minigenes that have been stably transfected into cultured mouse 3T6 cells. TS minigenes consisting of the TS promoter region and upstream sequences (designated the TS 5Ј flanking region) linked to the TS coding region (into which TS introns 1 and 2 or 5 and 6 were inserted at their normal locations) and the polyadenylation signal and 3Ј flanking region of the TS gene are regulated in an S-phasespecific manner (37) . The TS 5Ј flanking region is essential for growth-regulated expression of the minigene, but the polyadenylation signal and 3Ј flanking region of the TS gene are not (2) . Subsequent studies revealed that the sequences in the 5Ј flanking region that are important for S-phase-specific expression are indistinguishable from the 30-nucleotide region that is essential for TS promoter activity (3). However, the TS promoter region is not sufficient for regulation; minigenes consisting of the TS 5Ј flanking region linked to the chloramphenicol acetyltransferase (CAT) (37) or luciferase (3) indicator gene are expressed at a constant level following growth stimulation. Therefore, sequences downstream of the AUG codon are also important for regulation.
The downstream regulatory sequences were subsequently shown to be associated with TS introns, since intronless TS minigenes were expressed at a constant level following growth stimulation (2) . There are several possible explanations for this observation. One is that S-phase regulatory sequences are contained in several of the TS introns. Another is that the splicing reaction itself is important for normal regulation.
The present study was undertaken to better understand the role of introns in TS gene regulation. We analyzed the regulation of minigenes that contain the normal TS 5Ј flanking region linked to a coding region that contains a variety of modified TS introns or introns from foreign genes that are not regulated in response to growth stimulation. We found that minigenes that contained intact or internally deleted TS introns or foreign introns were all regulated in an S-phase-specific manner as long as the introns were capable of undergoing splicing. However, inactivation of splicing or inversion of the intron led to loss of regulation.
MATERIALS AND METHODS
Cell culture. Mouse 3T6 fibroblast cells (50) were maintained on plastic culture dishes (Falcon) in Dubecco's modification of Eagle's medium (GIBCO BRL) supplemented with 10% calf serum (Colorado Serum). Quiescent cells were obtained by culturing the cells in Dulbecco's modification of Eagle's medium plus 0.5% calf serum for 6 days and feeding the cells with the same medium on alternate days. Cells were then stimulated to proliferate by increasing the serum concentration to 10%. TS-negative hamster V79 fibroblasts (43) were maintained in Dulbecco's modification of Eagle's medium plus 10% calf serum and 10 M thymidine.
Transfection. Stably transfected cell lines were created by cotransfecting 80 g of a minigene with 1 g of a neomycin resistance gene into 7 ϫ 10 6 3T6 cells by electroporation as previously described (2) . Cells were grown for 2 days in normal medium and then fed with medium containing 400 g of G418 (Geneticin; GIBCO BRL) per ml. Drug-resistant colonies formed after 10 to 12 days of selection. Multiple colonies (at least 100) were pooled and maintained as a mass culture of transfected cells. Transient transfections into V79 cells were carried out by the calcium phosphate protocol as described previously (18) .
RNA analyses. Total cytoplasmic RNA was isolated and analyzed by S1 nuclease protection assays as described previously (2, 37) and elsewhere in this report.
Internal deletion, mutagenesis, and inversion of TS introns. Site-directed mutagenesis was performed as described by Kunkel (34) . A three-nucleotide change was made in the U1 small nuclear ribonucleoprotein particle binding site in intron 1 by using the oligonucleotide CCAGCCCCAGTGATATCTCAG-GCTG. A two-nucleotide change at the splice acceptor site in intron 1 was created by using the oligonucleotide GGAAATTCATTTTAAAAACAGTTTG TC. Internal deletions of TS intron 1 were made by first digesting the intron with SstI and EcoRV. Exonuclease III was used to digest the intron sequences from the 3Ј to the 5Ј end to different extents. The ends were blunted following digestion with S1 nuclease and the Klenow fragment of DNA polymerase I and then ligated together. The 2.7-kb internal deletion of intron 2 was created by deleting the region between the HindIII and EcoRI sites in intron 2. TS-globin minigenes that contained internally deleted TS intron 1 in the normal or inverted orientation were constructed in the following manner. TS intron 1, with a 1.0-or 1.4-kb internal deletion, was amplified by PCR by using primers AAAACCATG GAGAGGTAACTGGGGCT and AAAACCATGGATCTGAAAAACAGTTT GTCA, both of which contain an NcoI site near the 5Ј end. The amplified fragment was then cut with NcoI, and the DNA was cloned into the NcoI site at the AUG start codon of the intronless TGG minigene. The orientation of the intron was determined by sequence analysis.
Enzyme assays. Cells were analyzed for luciferase activity by using a kit obtained from Promega. ␤-Galactosidase activity was measured with a luminescence assay kit obtained from Tropix. Luminescence was measured in a Berthold Lumat luminometer.
RESULTS
Construction and analysis of minigenes. The TS minigenes used in these studies are summarized in Fig. 1 . The minigenes contained wild-type and altered TS introns at the normal locations in the coding region. The efficient polyadenylation signal of the human ␤-globin gene was substituted for the relatively weak TS polyadenylation signal in many of the minigenes to increase the level of expression. We have shown that TS minigenes containing the globin polyadenylation signal instead of the TS signal are regulated normally (2) . The minigenes were tagged with a 57-nucleotide deletion at the beginning of exon 3 so that mRNA derived from the minigene could be distinguished from wild-type TS mRNA.
The regulation of each minigene was determined by stably transfecting the minigene into wild-type mouse 3T6 cells. The cells were made quiescent by maintenance in medium containing 0.5% serum and then stimulated to proliferate by feeding with medium containing 10% serum. The amount of mRNA corresponding to the TS minigene and the endogenous TS gene was determined by S1 nuclease protection assays. The content of a control mRNA, ribosomal protein L32 (rpL32) mRNA, was also determined in most experiments. The amount of each mRNA species was normalized to the amount of rpL32 mRNA to correct for differences in RNA recovery. This correction greatly reduced experimental variability. However, it also diminished the fold increase in TS mRNA content because rpL32 mRNA content also increases gradually as cells progress from G 0 through S phase (19) . The corrected mRNA levels were then normalized to the amount of mRNA in unstimulated cells to facilitate regulation comparisons between the endogenous and transfected TS genes. Each minigene was analyzed in at least two independent cell lines, and multiple analyses were usually performed with each cell line. Similar results were obtained with each repeat analysis.
Minigenes which contain a spliceable intron are regulated. A TS minigene which contains TS introns 1 and 2 was regulated in a manner that was nearly identical to that of the endogenous TS gene ( Fig. 2A) , as shown previously (2) . (Note that the fold increase in TS mRNA content was greater in this experiment than in subsequent experiments since the TS mRNA content was not normalized to that of rpL32 mRNA FIG. 1. Structures of the TS minigenes used in this study. TS minigenes were derived from TI12T (2), which contains 1 kb of the TS 5Ј flanking region linked to the coding exons and 3Ј flanking region (e1, e2, and e3-7) of the TS gene. Intact TS introns 1 and 2 were included at the normal locations in the coding region. TI1T and TI2T were the same as TI12T except that the minigenes contained only intron 1 or 2, respectively. An EcoRI site was engineered into exon 2 to facilitate these manipulations, as described previously (2) . TI2G-d2.7 contains an internally deleted version of intron 2, which removed the 2.7-kb region between the HindIII and EcoRI sites in the intron. The deleted intron retains 63 nucleotides at the 5Ј end and 73 nucleotides at the 3Ј end of intron 2.
To boost the level of expression, the TS 3Ј flanking region was replaced with the corresponding region of the human ␤-globin gene, as described previously (2). The TI1G-d1.0 minigene contains TS intron 1 with a 1-kb internal deletion. The intron retains approximately 440 nucleotides at the 5Ј end and 140 nucleotides at the 3Ј end of the intron. The gene also has the globin 3Ј flanking region. TI1G-d1.4 is the same as TI1G-d1.0 except that 1.4-kb of the internal sequence was deleted from intron 1. The intron retains about 40 nucleotides at the 5Ј end of the intron and 140 nucleotides at the 3Ј end of the intron. The locations of the splice donor (SD) and splice acceptor (SA) sequences, which were mutated in some of the minigenes, are indicated.
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[see above].) TS minigenes which contain either intact TS intron 1 or 2 at its normal location were also regulated in an S-phase-specific manner ( Fig. 2B and C ). In addition, earlier studies showed that S-phase regulation is maintained with TS minigenes that contain TS introns 5 and 6 (2, 37). Therefore, the intron sequences required for S-phase regulation are not restricted to a single TS intron. Minigenes which contain intron 1 were regulated in a manner that was similar to that of the The cells were growth arrested and then serum stimulated at time zero. At the indicated times after stimulation, total cytoplasmic RNA was isolated. S1 nuclease protection assays were performed with a constant amount of RNA for each time point. The amount ranged from 30 to 120 g, depending on the level of expression of the minigene. The TS probe was derived from an intronless wild-type TS minigene. It was end labeled at the BglII site in exon 5 and extended 1 kb upstream of the AUG start codon. This probe detects mRNA from the tagged minigenes (M, 218-nucleotide fragment), as well as the endogenous wild-type TS gene (E, 0.5-kb fragment). The probe for ribosomal protein mRNA (R, 356-nucleotide fragment) was derived from an intronless version of the rpL32 gene (10) and was end labeled at the DraIII site in exon 4 (15) . Relevant portions of the autoradiogram are shown. Radioactivity was quantitated with a Betagen Blot Analyzer and normalized to the amount of ribosomal protein mRNA to correct for differences in RNA recovery. The values were then normalized to the amount of radioactivity at time zero to facilitate comparisons and are plotted below the autoradiograms. To determine if important regulatory sequences are located within the introns, the interior regions of 1.6-kb intron 1 or 2.9-kb intron 2 were deleted, leaving at least 40 nucleotides of the intron sequence in the vicinity of the splice donor and acceptor sites. S1 nuclease protection assays revealed that RNA derived from minigenes that contained the deleted versions of intron 1 was spliced at greater than 94% efficiency (data not shown). The autoradiograms of Fig. 2D and E show that minigenes that contained TS intron 1 with the 1-kb (TI1G-d1.0) or 1.4-kb (TI1G-d1.4) internal deletion were still regulated in an S-phase-specific manner. However, quantitative analysis of the radioactivity (shown in the graph) showed that TI1G-d1.0 was regulated somewhat better than TI1G-d1. 4 . Similarly, deletion of 2.7 kb from the interior of intron 2 (TI2G-d2.7) did not abolish regulation of this minigene (Fig.  2F) . Therefore, it appears that the sequences that are important for S-phase regulation are located near the intron-exon boundaries.
To explore the possibility that the splicing elements are important for normal regulation, the splice donor, splice acceptor, or both sites were altered by site-directed mutagenesis. These analyses were performed with the TI1G-d1.0 or TI1G-d1.4 minigene to reduce the possibility that alternative splice donor or acceptor sites that might be present within the intron would be activated. The splice donor site of intron 1, GAGGT AACT, was changed to GATATCACT, while the splice acceptor site, CAGA, was changed to AAAA. The effect of each mutation on the splicing reaction was assessed by transiently transfecting the minigene into TS-negative hamster V79 cells and analyzing the structure of the mRNA derived from the minigene by S1 nuclease protection assays. Mutation of either the splice donor or splice acceptor site prevented splicing at the site of the alteration but led to the activation of cryptic splice sites. For example, inactivation of the splice acceptor site of TI1G-d1.0 to form TI1G-d1.0(SA) led to the activation of two alternative splice acceptor sites. One of these (alt 1) is in the interior of the intron, and the other (alt 2) is in the downstream exon sequences (Fig. 3A, lane SA) .
In a further attempt to inactivate splicing of intron 1, both the splice donor and acceptor sites of the intron were altered. The double mutations were first introduced into TI1G-d1.0 to form TI1G-d1.0(DM). Transcripts derived from this minigene were still spliced at the cryptic acceptor site within the intron (Fig. 3A, lane DM) . The alternative donor site for this minigene has not been mapped. In contrast, inactivation of both the splice donor and acceptor sites of TI1G-d1.4 to form TI1G-d1.4(DM) led to complete inhibition of splicing (Fig. 3B, lane  DM) .
The effect of the splice site alterations on regulation of the minigenes was then analyzed. All of the minigenes with mutations in either the splice donor or acceptor site demonstrated S-phase-specific expression. For example, Fig. 4A shows that both of the alternatively spliced forms of the mRNA derived from TI1G-d1.0(SA) were regulated in an S-phase-specific manner. Transcripts derived from TI1G-d1.0(DM), which were alternatively spliced at cryptic acceptor and donor sites, were also regulated in an S-phase-specific manner (Fig. 4B) . Therefore, use of the normal splice donor or acceptor site is not required for regulation. However, transcripts derived from TI1G-d1.4(DM), in which splicing is completely blocked, were expressed at a constant level following growth stimulation (Fig.   4C ). Similar results were obtained in six independent transfection experiments with this minigene.
Regulation of TS-luciferase minigenes is intron dependent. We have shown that when the TS promoter and 5Ј flanking region is linked to an intronless luciferase indicator gene, the gene is expressed at a constant level following serum stimulation (3). To determine if the addition of an intron to the minigene would restore S-phase regulation, TS intron 1 (with the 1.0-kb internal deletion) was cloned into the TS-luciferase minigene between the TS promoter and the coding region. The structures of the minigenes are shown in Fig. 5A .
The minigenes were stably transfected into 3T6 cells and analyzed in growth stimulation experiments. The results of two independent experiments are shown in Fig. 5B and C. In quiescent cells, the level of expression of the intron-containing TS-luciferase minigene was generally slightly (less than twofold) greater than that of the intronless version of the minigene. The expression of the intronless minigene remained relatively constant following growth stimulation. However, expression of the intron-containing minigene increased approximately 3.5-to 7-fold as cells progressed from G 0 through S phase.
Foreign introns also support normal regulation. The above results suggest that the splicing reaction itself (rather than the presence of S-phase-specific transcriptional enhancers or other regulatory sequences within the TS introns or coding region) is important for S-phase regulation of the TS minigenes. If this is correct, then the TS 5Ј flanking region should be able to direct S-phase-specific regulation when linked to coding regions of other genes if the introns are retained in the coding region but not if the introns are removed. To test this possibility, we constructed a minigene consisting of the TS promoter linked to the coding region of the human ␤-globin gene (with the two globin introns at their normal locations), as well as an intronless version of this gene. The structures of the minigenes are shown in Fig. 6 .
When the chimeric TS-globin minigene retained both of the   FIG. 3 . Splicing of RNAs derived from minigenes with altered splice donor and acceptor sites. TS minigene TI1G-d1.0(SA), TI1G-d1.0(DM), or TI1G-d1.4(DM) was transiently transfected into TS-negative hamster V79 cells. Total cytoplasmic RNA was isolated 2 days later and analyzed by S1 nuclease protection assays. The probe (P) was 5Ј end labeled at the BglII site. The labeled fragments were analyzed on a DNA sequencing gel, and the results are shown in the autoradiograms. Molecular size markers (lanes M; molecular sizes are in nucleotides) are shown. The approximate locations of the transcriptional start sites (start), the splice donor (SD) site; the splice acceptor (SA) site, and two alternative splice acceptor sites (alt-1 and alt-2) are indicated.
VOL. 16, 1996 SPLICING IS REQUIRED FOR TS GENE REGULATION 379 globin introns (TGIG), the minigene showed S-phase-specific regulation ( Fig. 7A and B) . However, when the introns were omitted (TGG), the minigene was expressed at a constant level in serum-stimulated cells (Fig. 7C) . Similar results were observed in four repeat analyses of these minigenes. When the simian virus 40 (SV40) early promoter (SGIG; Fig. 7D ) or the globin promoter (not shown) was used instead of the TS promoter, the minigenes were constitutively expressed, confirming that the TS 5Ј flanking sequence is also essential for S-phasespecific regulation. The regulatory function of introns is orientation dependent. If the ability of TS introns to support normal regulation depends on the splicing reaction, the intron regulatory effect should be eliminated if the intron is inverted. To test this idea, TS intron 1 (with the 1-kb internal deletion) was inserted into the coding region of TGG in the normal orientation to form TGG:I1-d1.0(wt) or in the inverted orientation to form TGG: I1-d1.0(inv) (Fig. 6 ). The minigene with the intron in the normal orientation was expressed in an S-phase-specific manner (Fig. 8A) , whereas the minigene with the inverted intron was expressed at a constant level (Fig. 8B) . Similar results were obtained when these analyses were performed with the TS intron 1-d1.4 in the normal or inverted orientation (data not shown).
DISCUSSION
The results of the present study, along with those of our previous studies (2, 3, 37) , show that S-phase-specific expression of transfected mouse TS minigenes depends on the presence of the TS promoter region, as well as at least one spliceable intron in the transcribed region of the gene. The TS promoter region alone is not sufficient to direct S-phase regulation. Intronless versions of TS (2), TS-globin (Fig. 7) , and TS-luciferase (Fig. 5) minigenes are expressed at a constant level in growth-stimulated cells. Furthermore, nuclear run-on assays (3, 28) have shown that there is little change in the rate of TS gene transcription as serum-stimulated cells progress from G 0 through S phase. These observations indicate that the TS promoter region does not control TS gene expression by regulating the rate of transcription of the gene. TS gene expression appears to be controlled at the posttranscriptional level in serum-stimulated cells. In contrast, similar analyses of other S-phase genes (including nuclear run-on assays and studies with promoters linked to indicator genes) have shown that these genes are controlled, at least in part, at the transcriptional level (e.g., 32, 40, 45) .
The goal of the present study was to determine if the intron effect was due to the presence of S-phase regulatory sequences within the introns or was directly related to the ability of the intron to be spliced. Our results show that functional splicing signals are important for normal regulation, which strongly suggests that the splicing reaction itself is important for controlling TS mRNA content in growth-stimulated cells.
The observations which support this conclusion are summarized below. First, the regulatory effect of introns does not appear to be restricted to a single intron since TS intron 1 or 2, introns 5 and 6 (2, 37), or foreign introns from the human ␤-globin gene (Fig. 7) are capable of supporting proper regulation in minigenes driven by the TS promoter. It is unlikely that S-phase regulatory sequences are present in all of these introns, especially those from genes that are normally not S phase regulated. Second, the regulatory effect of introns is not diminished significantly by deleting almost all of the interior of the intron. Therefore, if the intron effect is due to the presence of regulatory sequences, they must all be in close proximity to an intron-exon boundary. A more likely explanation is that the splicing signals located at the intron-exon boundaries play an important role in TS regulation. Third, the ability of the intron to direct proper regulation is dependent on the orientation of the intron. This is consistent with the importance of splicing signals since these are unidirectional. Fourth, alterations of the splicing signals which prevent splicing lead to complete loss of S-phase regulation, indicating that the splicing signals, rather than sequences within the intron, are important for regulation. We also noted that alterations of the splice donor and/or acceptor signals which lead to the activation of cryptic splicing signals do not prevent S-phase regulation. This indicates that the precise sequences of the splicing signals (or the spliced transcript) are not critical for regulation but rather that the splicing reaction itself is important.
In a previous study, we found that the CAT gene driven by the mouse TS 5Ј flanking region was expressed constitutively in growth-stimulated cells (37) . The CAT gene used in the construction contained the SV40 polyadenylation signal, as well as the SV40 small t intron (20) . Therefore, one might expect the TS-CAT minigene to be regulated in an S-phase-specific manner. However, the small t intron is spliced inefficiently (26) . It is possible that the inefficiency of splicing of the intron accounts for the inability of the TS-CAT gene to be regulated. Alternatively, the fact that the intron is far removed from the promoter might reduce its ability to cooperate with the TS promoter to bring about S-phase regulation. Additional studies are required to clarify this issue.
Introns have been shown to play a role in controlling the expression of other S-phase genes, although the mechanisms have not been well established. For example, sequences within intron 1 of the human TS gene are necessary for proper Sphase regulation (49) . It is not known if other introns from the human TS gene have the same effect. Introns 1 and 4 of the proliferating cell nuclear antigen gene appear to be important for proper down-regulation of the gene (1, 44) . Alterations in splicing mechanisms also appear to be important for controlling thymidine kinase gene expression (23, 24) .
There are several possible explanations for the importance of splicing in TS gene regulation. The first and most obvious explanation is that the phenomenon may be related to the well-known (but poorly understood) observation that introns are required for efficient expression of many transfected mammalian genes (5, 6, 8, 10, 25, 33, 38) . However, it is difficult to see how a general stimulatory effect of introns would explain the S-phase-specific stimulation of TS gene expression, especially in view of the fact that transcription of the TS gene does not change during the G 0 to S phase interval.
A second possibility is that the splicing machinery functions more efficiently during S phase than during G 1 . However, this would be expected to stimulate expression of all intron-containing transcripts, not just TS transcripts. It is also unlikely that there are specific sequences within the TS introns that allow them to be preferentially spliced during S phase. If this were true, one would expect that minigenes which contain TS introns would be S phase regulated regardless of the promoter used to drive expression. This is clearly not the case (2, 37) .
Third, the observation that S-phase regulation of TS minigenes depends on the presence of both the TS promoter and This minigene includes the TS 5Ј genomic region from Ϫ11 to Ϫ1000 linked to the luciferase open reading frame. The polyadenylation signal was derived from the human ␤-globin gene. To construct TLG:I1d1.0, TS intron 1 (with the 1-kb internal deletion) was amplified by PCR with primers 5Ј TTTGCTAGCTGCAG GCACGATACAGCCTGA and 5Ј GGAGATCTATCTGAAAAACAGTTTG TC. Each primer included an NheI site or a BglII site, respectively, near the 5Ј end. The amplified fragment was digested with the appropriate enzyme and cloned into the corresponding restriction sites in the polylinker region between the TS promoter and the luciferase coding region of TLG. The luciferase minigene was stably transfected into 3T6 cells. A control minigene consisting of the ␤-galactosidase coding region driven by the SV40 early promoter was also transfected at the same time. Growth stimulation experiments were performed as described in the legend to Fig. 3 . Cell extracts were assayed for luciferase and ␤-galactosidase activities at the indicated times following serum stimulation. Luciferase activity was normalized to ␤-galactosidase activity to correct for differences in recovery. The resulting values were normalized to that observed at time zero. The amount of luciferase activity at time zero was usually greater than 50,000 light units. The TGIG minigene consists of the TS 5Ј flanking region from Ϫ11 to Ϫ1000 (relative to the AUG codon) linked to the human ␤-globin coding region at an NheI site that was created 38 nucleotides upstream of the AUG start codon of the globin gene (36) . The globin gene extends to the PstI site in the 3Ј flanking region, 0.5 kb downstream of the polyadenylation site. TGG is the same as TGIG except that the globin introns were removed by replacing the genomic sequence between the NcoI site in exon 1 and the EcoRI site in exon 3 with the corresponding cDNA sequence. SGIG is the same as TGIG except that the SV40 early promoter-enhancer region (the PvuII to HindIII fragment) replaced the TS 5Ј flanking region. The SV40 sequence includes the transcriptional start sites but lacks the translational start codon (37) . This fragment was inserted at a HindIII site that was engineered 40 nucleotides upstream of the ␤-globin gene. In some of the minigenes, TS intron 1 (with the 1.0-kb internal deletion) was inserted in the normal or inverted orientation at the NcoI site of TGG, as indicated at the top.
VOL. 16, 1996 SPLICING IS REQUIRED FOR TS GENE REGULATION 381
introns raises the interesting possibility that S-phase-dependent expression requires some form of communication between the two components. A speculative model in which the TS promoter influences the efficiency of RNA splicing (rather than transcription) in an S-phase-specific manner has been described previously (29, 30, 37) . In the G 0 -G 1 phase of the cell cycle, the TS gene is transcribed but the RNA products are spliced inefficiently, leading to repression of TS gene expression. The unspliced transcripts are presumably degraded rapidly in the nucleus since we have been unable to detect TS mRNA precursors by Northern (RNA) blot analyses or S1 protection assays when analyzing nuclear RNA (unpublished observations). At the G 1 -S boundary, a regulatory factor is attracted to the TS promoter (or to a protein that is bound to the promoter). This factor has no effect on the rate of transcription. Instead, the factor stimulates splicing of the transcript. This might occur by transfer of the factor to the nascent transcript, either directly or via the RNA polymerase. The ''tagged'' transcript is then processed with high efficiency into cytoplasmic TS mRNA, thereby relieving the repression of TS gene expression. Transcripts produced during G 0 -G 1 phase and transcripts derived from intronless minigenes are not tagged with the factor; these transcripts are inefficiently processed and degraded rapidly within the nucleus. The postulated RNA-binding factor might be any of a variety of factors that are known to be important for intron splicing, such as U1 small nuclear ribonucleoprotein particle proteins, SR proteins, heterogeneous nuclear ribonucleoprotein particle C proteins, or the cap binding protein complex (14, 17, 21, 27, 51) . The possibility of cotranscriptional transfer of a processing factor from RNA polymerase II to heterogeneous nuclear RNA has been suggested previously by Greenleaf (22) . He raised the possibility that the phosphorylated C-terminal domain of RNA polymerase might serve as a binding site for positively charged regions of certain splicing factors, which are then transferred to the splicing signals on heterogeneous nuclear RNA as they emerge from the polymerase. Our model extends the Greenleaf model by suggesting that the regulatory factor is attracted first to the promoter region in an S-phasespecific manner prior to being transferred to the phosphorylated C-terminal domain of the polymerase.
In conclusion, the mechanisms that are used to control the mammalian TS gene appear to be different from those used to control other S-phase genes. Our observations are consistent with a novel mechanism in which the promoter is able to affect the efficiency of splicing of TS transcripts during the cell cycle. However, other mechanisms are also conceivable. Further studies are required to understand the biochemical basis for the dual requirement for both the promoter and introns to bring about S-phase regulation of the TS gene.
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